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1, Abstract o s I

A gearech of the l.ite-rat.z_;fe on methods of mégsuring drop size

S ! B
a.nd total liquid water content in natural clouds shows ne nresently de~ ) ? %

veloped means whish w:.ll contlnuously recor‘d both quan‘c:.tles from a1r~
oraft operating at moderate speeds and altitudes, say 200 mph and 120,,-'00.0

e
(2

E_xplonggo'x:y .exa.fxxinat ions and calculetions ;h_av-.é 'b_éé'zi, made qh._

- two methods of measuring drop size. 'Bcfb‘h have ‘been rejected temporarilye.

Computations on otherw are in progress. E‘xper,'ime_nﬁai investigation of -

one of the methods now under . study hes beguns ' : .

II' Io_ lRe;pO r’t

' he Statement of "%i‘;e ‘Pfoblem . .
The purpose of this research projest is to discover a_nd'deve_lbp e
néw or improved mesns for measuring the mumber end sizes of vater dr:ozsl‘é?s e
somposing nubural water clouds in the atmosphera, from airoraft i flight.
4o indspendent means of !ﬁejéé(ur;,*n'g- the total liquid water 'colh:{:eni:: of clouds - !
is also '-r.equ-irelga,-r 5 | _
Both meéasurements have been attempted in the past. _;.S'e,s_r'e;-ﬂ
instrunents for each have been censtructed but found wanting in verlous A0
. - respects. A history c}f :P_fejvi:ous -w.q-fk, .m_gy be fousd in- t:hé re'?er.éﬁcea:

> 1

The lcontract dated June, 1950 was not finally accépted by both nar‘bies

* until November, 1950. ‘his report is submitted to cover the ac‘cual
contract period November 1, 1950 %o February 28, 1951+
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.{listed zn Sectlon A of “he ¥ibliog

ileasurements in fog (strauus clo
have ghéwn (1) that droplet si
that most frequeat

of 20 +o 90 microus, and (6) thet total co

6’perwcﬁbic’60ﬁtimeter (12) in growmd fog

miles per hour or 20,000 feet pe

‘areaxof 1 squaere cen

400/ dropleus per cces and 1s0 gm e mme.

The speciflcatlon of 1 square

arbitrarye

giihér an agsumsd knowle

cloud or msasurement along a rery large

'tnany,dhaiqe must be made.

«

 culties of

per seconds

Numbers in parenthesis refer to

rach;y, Appendix 'lIIIs

7@ GEn ary from 1 to 150 mlcrons, (2)

sizes, on 4 volumé;madi

Direct measuremenﬁ of total velume of 1iquid wateF and
'computatlons from drop 51ze‘and count indlcate thet 1ligu
may reach as high 8s 1.0 grem per\cubio meter in clouds.

Airborne~mn3urument, moving at 100 meters per secomd (225
r minute) and swéeping a crosSPSectioi
timeter would need to count up to 4 x 1@6 droplets

‘per*SecendJanduc@$ah up to OJOi'gram of water per second in

«cen‘c::imete,Af as ‘the 'swept a,re’la; ’isf
Choice of any sample valume less than the who
sdge. of distribution of size and ‘co‘un?é,i-n the
number of paths in the cldud-
Since little is surely known about size and count. d4str1but
In breaking,the=¢ircle~by/settlngné sampie
'SWeptganéaz and ’yo/"’lﬂme@ great weii’g,ﬁ;’g i's“nec‘@s‘sérr
coumnting and sizing such large numbers 'Q"f’ arops. &

Future dbservations may show that a eross

references in appernded bibliography.

ud) at the sarth's surface

an'basis,'are in tne»order
unts may reach as high as

and 400 per ©c, in clouds (4)0
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water content

a clOnd of

P

le cloud implies
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ion, an arbio

ly glven to the diffi=
s 4 X 106

=gection ares of,
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|~; o - A;_ayt, -‘ll.gﬂswq;(;u:;g:x;xi‘ﬁin;t‘ers w{li c;;ple--en:;hrenon ;fma cloud with satis-
; - ;:a'c.tmjy accuracye - A ; |
lb "g R Many prevmus ins ruments., particula‘xliy of the impact and sedi-
j % mentation types (cylindersg, slides, etc.) have had collectmg surfaces
| g oY nozzlés so much larger then ¢loud droplets that their o:ll-ection
i ; _@'fft(}j}eng‘.‘igg heve been low and veéry 'va,l":i.’ia'-b'l'e #ith respect to drop ~S‘,'l‘2_°'~
Corrections for theé lost céunt havé been based in large part on .unvefii‘i,e"df
t}jeor—y.‘ _ = | | -
I It is conudered desireble therefore 16 set o tentative require-
| ‘ m..n‘t that the new method should not con‘bact or otherwise alter the size,
' s shape or relative position of the drops previous ’co or dnring'_-thej:r-
soumting and sumg. T.'h"is. -req.ui-r-ement iﬂnﬂediately' sets str‘on-gi 1imits on
{ the kind of measurmg method possible, perhaps to & nrohlbrhive degree. |
1 Experience indicates, 'neverthe:les:s,, that it is a désirable requirement.
Be lothods of Attack <L R
.-“ -1s A -common method of droplet s1ze and countj;:zg is ‘.the -aceur-
g mulation of all drops i:;x a vswept volume on & surface varlously orlen'ted
: % and exposed to the :na’burai wind or carried by e vehlcle.
13 2, The surface mey be normel to the a:.r stream a’b ;z\rlnd
. 3 ..
E}i or airplame spoeds. . e
;:%; bs The surface may bé normeal to an uir currentof- i:;-e'.duéea-
e 3 . -
1 = g air 's,_p_,‘eeq as man expansion _c‘l‘ran‘x’b,’er.e' ,,
] ?‘1} L ) Co The .g.gr-ﬁe:ce may be horizontal a,pd‘;pa-r;a-ﬂe'i_‘;. -t-o,‘ the ’ﬁi,nds
" ‘ .
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f% In the iattof- tWo‘f.oir"ms._, é£aviaty or centrifugal force nay " = :

iz distributs the drops according €o mass (and s'i'ze-,js To. avo.'!idr sul-)Soq-u_en't'- E‘
g Ez evaporation of thé catch, the surface must be mainteined at air igempérfe ‘ %“g*

,; ature end saturetion humidity while it is photographed or the o'ro.pieﬁs__‘ ﬂ ig ﬁ
" % must be iibedded i‘r;to a ;-urfac'e coating so that :i:hey or fheir -reial‘ic'as ' 4 !
.' are. ;*.otaigned in fdll nutiber. | 4 ) -
The .s_odi;ixontaftion .6% glass slide meﬁﬁod uhos' beoh very po.pulafr , %
) bécauge -o-f its appa-r'ent s-imp'liCi.tyo Its weaknesses include (‘1,)>.po',or- %‘JF
o sampling efflciency due to the small exposure time with respect to the a d"
’ tim». elanszng wbile changinfr slides, (2) the tlme gspent in tedious b
eval;.;;ai_::-,oﬁ ;‘:;_ coun 15 and \6) the variability of collectlon efficiency E
with a.ir.,sbeed and. drogp s'i.ze'q-_ Assmmg 20 per cent ‘incréase :m cross-i- '
é section area on striking., a slido one cen'timeter square mll beoome
% 50 per’ ”e:\.t cowsr é_ .rhem ‘exnosed to 80 micron -drops for 0.0005 seconds
i ? 4t an air speed of 225 miles pef hour, in a typical cloud. 'Tho-_t,otg-l. L
‘ ecouwmt to he -ma-do is then. 2000 aropss’ - ) - ' L
2. & frequently .s;g'gg;osted means of ;méasuiring .droplojb-‘s: 751;;_ .
in the fres air is by observation of optical diffraction rings or , -
‘ o_orohae-a fl:hio me_-éhodj yields only the mean d—'r'-op. size. It is 'Qb'w_figu's:'l'fy . ’
‘ i’, mos*' effective w:.th drops of un1xform $ize and presen'bs diffloul‘t:.es
ﬂ-: E e :whor '...sed :i.n natural clo(uds havmg a Wlde dnop s:.ze raz;geo Furthemore,k
?j ' ooronae are strong and easily measured only for irops lesslthan 20 F .
z,,_ h-;j,;‘:-;;?.o:z:ons fz- diame;er; _ E .
- f*:% 'Mope "cl"éﬂt,a~;i;?];ed and quantitative measuréments of forward, '-S-i.fde
;«zé and back scattered Yight are possible with such optical detestors as

A T NSO A AP AN SR AN R G AT ST R ;




the air stream and the pa551ng charged or uncharged drops.

Sizing © £ droplets by measuring the pulse negnitude in each

method may also be p0531ble.

‘The. llght pulee method (a) is difflcult becéuse of %he very

gn

small-&mpuﬁt of light energy SQatteredwbyfé sihgle=droo. The-antaet

pulse method (B) is Week becanse it does not account’ for the initial

neturel charge on the ¢loud droplet which may be any value betwoen the

. positive and negative maxime determinedfby'drop-sipe_gha.atmosphericf

E

. L . R - ] _ B rey 3
e Y. -
- : T IR . U e I
- ,J I:“'::
o - -~ 5 = - ' ;’c"l.ﬂ; r:-
) e = B N _ % ¥
et e e e e e A e = s e A ama — e s e ANEEEn S “"'f;-~ "*,!
; photo-cells and cameraso_ blaborate measurements at various engles from LR
% ) - the bean axis and. in varlaole frequency monochromati beams may lead ':ﬁ 1
; dlrectly to drop smze dlstrlbutron¢ Further invest;gatioﬁ of theseé ‘ " E
Lk methods is described be]ow. " f - ' 'gf;?w
_ ~ . 2 EEIRr .e; Direct photography of cloud droplets in & cloud is possible. 7'J'7
g L o given sufficlently hlgh.llght 1nten31ty. film. emulsion seeed, shutter 4
: SR . e
i . O speed, sharpness'of focus and magnlficatlon. Current techniques of g
R strebosoopmc illumlnatmon may meke this method feasible, even at air- .?“
. ~eraft ‘spesds. 'Thi-s -meth'od will be studied in some dotail. \ ' K 8
; . )_43 Detectxon of 1nd1v1dua1 drops in succession in a path of b
qi e :. ; very small swep+ area may be obtalned N
{ L I S _al_lhy.countlnghpulses of scattered 1ight:£rom-oach '
i - particle in transit,
be y coupting,puiee§;o£ glectric charge on a contacting
S .+ - _prgbe in the eir stream, and -  _ - A
. ) ‘@.';By coun%ingypulses Df-e&eotric current induced-in~é
L megnetlo ¢0il or electrostatlc condenser surrounding
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16&2&53’5%51&%@565. "A150 the probe ey SHOW 8, vﬁfiaﬁle coTTectiOu o

effic:.ency for thé smaller droplet: . - )

The mduced pul:e msthod {e) is d1ff1cu1t beca*use of the very

small induced cufrents or chavges caused by water droplets, also the

dependence of these currénts or. charges on. the location of the pas»smg
drop” Wﬁ:hin the 1p1ck-up coil or condenser. In 'bh:.s method, he induced

effects may also be “functiona of the charge on the drop, which is

L
' , , randomly variable as ste.ted abovee A pre-charge to max:unum in an up=
|

" stream device would rsmove this var:.a‘tion.,

- ‘ : A d’er‘ivat‘lve of the mduced pulse ,nierf‘t"ho‘d’ 'us.in.g' charged part- : ig
I . - - . - B R

I . 7 1cles is one in wh:.ch "che change in permeab:.lity or dielectric constant

of the air due to the presence of the water drop produces aneasuf'eble

change in inductance or eap.ao:atya Sinoe the permeabil:.tv of air and

o ' , - water are in the ratio 1.,0001 to 140000 or less, ’c«his method may be re-

ﬂected. The ratio of the dieleotmc constants of wa-"er and air is 81.

e N PR A R Y RO

=

s A
" 4
s
Al »
o sy o BRI,
e =

A pv'ehmmary sd:udy of the probable sensitivity of a capacltlvelv in= .

duced pulse method working on this pr:mc:.ple has’ been made and is

Ei : frépcrte& belowe ] L e ST

1oy oy

] Co Preliminary Investigatﬁ'ons of Certain Proposed Methods ST

W TR

A

1e A study of the f‘eas:.b:.lity of an electrostat:.c charged il‘oljd ) .
partlclfe counter in which each droplet is f1rst charged to s maximum

énd then detected and class:.fled as to diamete:o by 1ts charge.

The work of Ladenburg (19) ana others mdlcates thet the.
¢harging kate of sphericel dielectric \pefti'cales passing through & cor',o'ria

discharge is indépendent of thé size of theé particics and that the

;,-»—:—: I s e AT g B N o T

i o) - - .- . ©
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'maximﬁﬁ,gliowable charge on spherical particlés weries directly as the

gquare of the —a-iamet er, .

The- eguatien reiatzng these varlables is given by Ladenburg
a8 the followings -

ks-l -2 fTm,4, et S . .
Qa(l-bz )E m.i L e
= o) @)

104
vwhere Q = charge . ;u # = particle ragiu;
k = pg?ti@ﬁé-dielectrio-éonsmant _ xmi_= ionfmobiliéy .
E ='$;rona,field strength :di = corénauioﬁ-dqnsity'
e= electron charge t ﬁftimeﬁ c

Stated in another way, equation {1) predicts th&f‘eaéh'dloud

droplet will pick up the same proportion of its maximum al cwable charge

s

:duning,the'same exposure to a coroﬁa-dischéﬂgew Since k, e,,n, m,, and-

dfs are known or measurable, equatlon (1) c@n'be condensed to : _ :

Q= Ar ...... L, PG .j S - (2 -

Dropl-és in the atmosphere usually carry an existing charge

which can be associated with en initisel charging time % « Iff the initial

charge is 'zero, or any magnitude‘of the same s1gn as the flnal maximun

. charge, the equati0n<may be rewrltten as”

o + AQ=br ip? /B('_b + 4%)

;..-—o

ATERET e ) ©

4

where ggt:is the time of éxposure to the corona dlscharge and Zl

%he increase in charge -on the droplet of radigs 2. .Solving for rz.gives

>
= Y = ip
ey R - .




I | ..
‘ e T T e CEEE
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_ ﬁ |1+ 8,2 A% | L e iy
4 f‘r‘om this -1aist "f":ofm, it 7‘may be -séén=that there are 'two possible ways of f:
. ] detamining 4, first, by makmg B(t +At) nmuch greater than 1 and ) ;,
jp:’ _ | meusurlng Q only, and .second, by measuring Q P (Q + AQ) am} At o ‘ )f;i‘
1 ’ % ‘ ’ : . The i‘irst method reduires that B At be made. largeo ‘Suppose o ik
f P% ‘ - an acturacy oi‘ 98/ is desired in radiug re #11 -dropiet's must then ‘59 | ' | ’r°
; . R -, _h‘c}'%a‘,rgergl to @b least, 957 of. xmaxim@n'a Setting 95% equal to (QO +AQ)
l-= ) f ti‘-}%?éq“ué‘b.ion «(.'5'.). and using Puch's {8) vélue of 90 for B, At is found to :
e :;; N be .00.2"1 :3§¢\¢nds. If the droplets have 2 random dlstribution of charge, JE
;i;.i_ _ g Q‘ s’m‘:ﬂxe will have & meximum charge of oppos’lte sign %o the charging corona, “, "':
5}‘“ ﬁ_{:: ”T:} As a fﬂi;‘sv appronmgtior.; e.swmv that twice 0.21 of 0:42 seconds Would EL{
L . Y Yo, reéh;;q; fo cha;ée all drops 6 95%. ’of maxmum, |

. .
S 3 Ja g . I
. .

- - - <

buppose the drop cowmter to be carr&ed in an aircraft at 200

“ s PO

Jﬂi'lQS per hour (90 meters per second )q T_hé le'n.g“th o‘i‘- tube‘ requir.ed 'co

RS

r
A NN SR TR, W

contain the corona discharge mechanlsm would be 37.5 meters, for 95% of

o P
¢ -

a full charge on ail dropse Such a l'an_-gfbh, is inoonvenieént if not impossible

2eRvA L
VIR A

,.
oy
Ll ababa

‘ on conventional aircrafto A 'tub‘e.'i‘eng'th reduction of 2/3 would v::'equite

o
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I% might be .3uggé§te‘d that 'éx'i).osure time be in¢reased by an’-

expandmg cross section in the corona discharge tube. ‘Whilé irelé‘c'i-ty

sould be satisfactorlly reduced—' adiabatic temperature effects would

o ————

arigse which might lead to condensation and growth of the drople‘!:s.
The magnitude of these effects requires further stuay. S’iinilax‘

conditions exist in the housing of the reconna:.ssance aircra!‘t psy=

chrometer ML-313., (55)
The second mathod, irvolving reasurdment of Q-, (R+AQ) and - . .

At, gllows partia; eqaz‘ging in @& shar‘- i:ube. 'uuppose the tube be 1

meter long end tne ai _ coity sti” -an *atars pe. asfcond. The

exposure time At ia t‘aen 0.01 seconds. Assume instrumental errors,

L
e _,,_ ey - —»:{’ 20 ?__.A

in charge ‘measuremneny ":;f o." I‘b can e snomx wiat the best theoretical

ascuracy in :droplet radius will be at least 95%. The. practical diffi- )

P rm‘.-... !au.,

SR

eculties are manye 10ta1 éharge must be measured tnice cn an ﬁndividual
drop. At & given time theré are, say, 60,000 ,-part:-;c_«l-es- ‘i-:;, t—he tubes,
at a cloud drop démsity of 500 per ¢e¢. The prqblém_ .éf_ dr;ops,gt i-d_ein}:“:};-v
fication during the period At is great, .

2o Cowiting end sizing of water droplets by mr’iét;on of the

dielectric constant in a condenser surrownding an air stream

containing matural eléud. - . - -

)
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| The capacitance of a parallel plate electric condenser is il
; . ! - i
o ) given by the expression \ fff .
o _ ik
| = L o g
| € & mmmiim - 0,0885 KA/x - 8) 1
A 4 ‘30“6‘ nmx . 5% T;,
1 where A and x are plate area end separation and K is the dielectrie 4 |
‘ ﬁq ! constant, Wh'ic'h v‘aﬂri‘e“s with the subshence separating the plates. .
1 b ‘ ' B
1 g By passing a stream of air contéinmﬂ' water drople‘ts :between E
|
‘:’ ; the plates " +he capacitance can be varied in proport:.on to the masa6s
‘ 5, oﬂ air, wateir and water vapor in the stream. If the condenser is - ,
‘; 1 large. the gross llquid and gaseous water content of the air may bé 7 ,r'
| o .
) 3 A
g; ,mee.sured.; 'If the condenser is small, it ey be possible to fobseﬁve i
\!,‘ "’r‘i ’ ‘
’,’ “ 7 the passage of single droplets of water between the plates, With |
[ 4 g
I Wconsequent doterm nation of drop and distribution in the sir sample. 1
i I - S
ij;,f L It remains to determine if the effect is measurable m.th present or ;
| T : g
4. g% 'probable Pt.zcure instrmnentation. ! ;
€ T :i‘
L :
[ %ﬁ Supposs thet the air has a particle densi+y of 1000 droplets - .
s 5 ‘ ;
1. ‘;; ‘per oubic centime'cer ov 1 per cubie mill:.meter. To resolve a single )
vl . s
; particle, the volume of the dielectric should be about 1/10 cu. mne A
; %; ) ;:
;»’g ij parallel ‘p‘la‘te condenser with plates 3 by % mme separated ) mite will ’;
1 \é enclose o.lzs cite mm.,, slightly more “than 1/16 cu. Mo T—he capac;t,y B
YIRS T - N 3 P
_ : i
£ IR ‘of such 8 condenser mth air dielectric (K = LOO%Q), will 'bc
o _ 100059 % 0,26 _ ... .;
@ ;‘f,, N ) ﬂ p 0.5 vc.o,44a micromicxofaredg, ,66) ‘
:m The change of capacitance of this unit due to the presenoe
of a cloud part‘ic”loi may be apprOximately determined by ,cjomputing the
chenge of stored enefg:y in the 'Syétem' due to the pnesence? of & ci;e’i;ocﬁgv;io:
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electric intensity at large distances is Ed, there will exist in the

Sphe;s a gni@ofm field,El Whosesmagnitude is givsn by the equation

E ’;,??6Eg

I where e  is the specific 1nduct1ve

7§ez+ér 77:1 - ce acit oflawr - ;'

e el e pacity A7)
- L ) o . axid LI—’s tho. specific inductive

o - capaclty\of tnexdlelectrlc sphere

According to Swythe (32), if thexelectrlc fleld 1ntens1ty produced in

the volume v of e uniform 1sotropic medlum of speclflc 1nduct1ve of

< A > o

capacity e, is E s and 1f when vy is occupled by & unifoﬁm 1sotropi

body of speclflc 1nduct1ve\capacity e, 1t is E,, then the change in

Lo J} ’ (8)
2,9 Lt ! .
0t 2 5

’f&§§1g5 equation (7 ) in equatlon (8 ) and performing the integration;

& =

where D dlameter of sphera

©(9) ’

;, f, Since the \gp&gi_ence of 2 system is Speclfled by its stored

energy, the followirg'equation may be wrltten

. C PR AQ; AW ) : : :
e T f'? . - (10)
Fbg’svgéﬁsllelxplafé<c6ﬁdénsef,

s ) » , = 0.5 eOE2 Vs L 7 ] S
2o - o (1)

80 that thé incrementel cspacitance may be written
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sphere. .
o Iﬁ & dielectrlc sphere is placed in a wnifoérm fisld whose 3 i
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water r_&t'io- ig a much larger- cgn_d‘en_ser of 1000 ~mm£‘. -eap‘er.c:itye

(e e e IETIE 08 T LRI e N

A ‘gurvey of commercial la'bora.tory grade capacitanee metez's
indicates that the lowest 'avallable inaccuracy is 0. l% * 0.5 mmf a‘{:.
levels from 1 to 1000 mnf, The lower lovel of 1 mmf. 1s 10° abbve the
ini-ti-éi -vat-ue. of oixé‘.l/l'o ou. mm, -éonaéz{ser.o It is 10 .ma?g-n.i:t\ﬂeé" fsﬁsiéd
from the accuracy required for detecting 8 s:mgle 1 micron droplet within

the dielectric spuee of the condenser‘ However; it is only 7 magnitudes

,removed woa the accuracy vaquired for measurmg the gross air/li,qui.d

There 1s descnbed in the 1iterature 22) a composite m-\lti-

range oapacitance meter wrbl'm a full seale range of 0.005 micromicro-

farad and an indica‘bing meter of probe.bly 1/2 %0 l/n full scale maccuracy.h

Inis instr\me_nt' would measure one magnitude finer than the normal dry

‘air value of our :coggen;s_en.'-o.'OMz micromi¢rofarad, but 7 ;xé;g;iitndgs

- BT, L e hooo

e A e

e ia

T
ST G A T S

e — ._.M'_."._,.]:g o S,
Ac = ¢ L3 LW 2 O (o4~ o )D _ .
i . ' 2(2e T ejv : (32)
- the numsriclsal values for ‘bhe problem under coasideration,
A C = 6,82 x 5 x 10710 nieromicrofarads (ummf ) (1)
_ where D 1"; in microns |
Thus for & cloud psrticle whose diemeter is 1 -mil,(:z:‘rén-, _
| S | A C =66 % l@d‘mlmm‘f _ o N - (14) 1
" and for a cloud ‘par:tié-'l_,ei- wl:mo's‘ e diametor is 100 :ifxi-'c-mns'-..‘, 7 . ‘;
| A ¢ = 6.6 x 107 mnt, N € ) ’
:Tﬁe‘“gs.e -'ehang.és would occur at .ax'i .-;{n-itial eapacitané'e- lovel of 4,42 x -1:0-2‘ ;ﬁc
: mmf. Tne ratio of change would be 1 part in 108 fof the smaller, 1 in 10% 'i
fot the 1arger droplete ‘ 5
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¢oagseér then the change ir velue due to a singleé 1 micron drop, 6.6 x e

fe

e TYD S
e s e e Y B0

Trus it ﬁseeﬁzéf"hqr.diy possible V“Eh,egt this method could bde: ‘ ) j‘r«
refined to detect siigle droplet in an airstreem with presently availe . ﬂ {
able ;capaéi-tfaaéé meters. Also the argument given a;bévé- has neglected ;%
several important factors, all eof which would introduce further 'é,,x".rdxzsv. ’;}5 s
in measurément, including ' o o SR B - B S ¢

_ e
1. lea¥age resistence adross the q-gndgn-éér ‘su;;.p'crt_s in the — g%
presence of water, both liquid and wapor, — - i .I' M
2+ perallel capacitance of the supports and the attached : ; - E ‘; ﬁ
. elactric circuits, _ AR g - ;‘ 1 ‘f,,

3¢ temperature coefficients of capacitance aend their corres-

'

P o+
wu..-s-_»«?mb

ponding errors due to variations in embient temperature,

e

N N

‘»:?F;"’-‘(q R

4, change in dielectric consteént with Wa'.te?-:_r x’za__pé-ﬁ pressures

b

‘The last of these sources of error may '—be; separately -q.é;;-",s:’_i%:ae‘_r'ea.

a5 & possible means of measuring relative humidity, ‘“onsider the cheigs ; ;
in capacitence for dry and saturateéed amir 'd'i;_e'le‘cﬁ_;‘-ic's_;s- ?i-‘nrt}_l,,er 'c;c,x;d‘e%é.et o ] " )
previously desoribeds lhe c~grrs-'ca_n'-£s- r-f'b,-r air end water :apw' Qre 1,000,590 :
and 14008,40, rgs.p’éé’tive.ly-g. a difference ofo.005 ,81., At t_}j;et | -
froezing léwél,--'thé- maximun w”ra-pm} p.rfejs,sggxaé 18 6, 11 :.mii;‘(tbg.lr-'ég ’--.'hjén-l tﬁe : o
freezing level is ot sea le-ve_-l;-: the ‘ma%.imﬁn vepor .;pi'é.ss_";ure-_ retio ts '
6.11 mb:.:/(:loi-féyzaé_s'oil). mb or 9.6 Thé highest id_i;e"iéct;ijé“goh'stax}t for | l:%
saturetod air at 0°¢c Iis then (étbog't .1{00'9.5-5-3 plus 006,’» of 0.005 ,81 or ) E‘;
i-:OO'Ofs,GZJb',a» Te 'me‘as.uz;e relative 'hﬁiidity to 1%, we must ‘the_ﬁ measure ;
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dielectric congtant or capacity to 3 parts in 10 million at a level of

«09044_2‘ micromiérofareds.

To ompare the-effect of setursted eir to that of a single
droplet, note that the capacity of the =Q.‘=]'.‘?2-5 cu. fm. condenser 18
for dry sir. * 04044, 200,000,00

for satureted air 0.,044,201,550,00

for one 1 micron drop im
saturated air

0+044,201,550, 86

For relative humidity meesurement, & much Ia{nge:" ¢bnden-séi: 4han
0,125 cu. mm, might be considored. At 1 mf. iditial dry ':é,ir capacity,
the least change mea'\qurae.d__-fovr 1% R.H. change would be the s'ame's parts.
jin 10 million or 0.3 mmfd:. The latter wvalue by ité-e:;l‘f;- is readily
measurgs'd,, but &8s a chaﬁgé in the inifi-al value, lmi‘., it is not _r'neaé-?
urable on any ‘common capacitance meters

The stability of most measuring circui‘bs in the face o£‘ _
varying ambient temperatures,; power fsourbe‘s .fém‘df :Lin:s-.u-laltion 'sui‘zf—a;é:e-' '
leakages is not ag good as 3 parts per million, e:,ther for long op
ghort permd's, of ‘time. However, & primary frequency stanaard such es
nadsé by tne General Rad;o Company has a §tabi ity rating oi’ a few parts
in .one hwidred millien over severa l months, and eb'out two parts in one,

t_-;hops_and» million fior short periodss

in 100 millions im 24. hdure aré 'tyga"ical -s‘h-_o_x‘i‘t pe‘ri'od‘ ra.t‘m-gs. Due to

-r'anaom- o cyclic variations of gignificantly 1_:az::g'er Ia.mp-ii:t;,;.ud‘gs; wi:th_m"

the atated perlods. It is conceivable, then, thet &n instrument using

frequency changes caitroiled by oapacity changes might be bailt i‘or
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0 . s . =15
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%’5‘ 3 _ - e ~ . , : X
7 relative humidity measurements in dry air or in ¢.l:ogd= Further con-
1 o , -s'i-derati'bli %o this possibility will be given in a 'later report. .
3, An investlgatlon of the possibility of‘ using the, trar\smlssmn of ) ',,, ;
.o o 1igh‘h as & méens for méasnring drop size d.;str;but on S )
e ' . It has been suggested ‘Lhat the drop size distribution in ;3
N ' - st -
clouds 'could be obtalned from llght tranqmlssmn measurements. This f; X
h Sg' ‘ib’
.posgib.:tliﬁ-y is e_xp‘ldred thep-‘netic“ally' in the following sSection. SR B
: If an at_:t:enuat‘ion coefficient k is defined by the following % [ 3
o e |- cequetdon: , . 1 F
T e Tre. (16 11
’ B 5 Where T 1s the ratlo of mcldent to vemergent intensity over a geometrical ”
' path length through the alternatlng medium, k must have e ¢ertain ﬂ'orm -

dependmg in the process. If the prq,cess is pure scattermg of" 11ght

':,. ; 2 . ) - 11:- = finiaK= ) ] ) _
S . SR T : 17)

which is m accord w:.th ‘the 1fie theory (25) Ir 'is"the total n«‘umb'ex‘i of"
o

-,spheric,a_l_ ,pazf:!;';cle:s in .a uni;i: "\t@-l?h;he, -"i"'i‘ is the fractlon of these drops
“whose. -raﬁ'i:ti; is r, and whose scatter:mg cross sectlon is K The :sum= o
o i = .

mation giw ég. the contributics of all drops :to ;t;h-é attentuation coefficient

-

- ‘k’fe_'_ . n ;
‘ As numerous 1nvest1gators &ave po;nted out (26) » When the drop i

) S I
diameter di becomes relatively large compared to h wave 1ength of the rf;‘?

incident 1ight, helf of the scattered light may be aSSlnged to the

dlffraotion pattern and h 1f to the rest. of‘ space. ;Now, as in this

limit, K ~?2 for all Wave lengths and the di-“f‘_f-nac't"iqig pattern. acéoints

T maa‘\% i B ”’m‘f‘*im
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If all of +he drops are wnifsrm, r, =7r;a sonstant, and
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area intércepted per umit volume of the scatbering medium.
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If the entire diffradtion pattern were not utilized in any , )
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measurement; but only a fraction thereof, e_qﬁ’a-t'ﬁson (18) Wo’gi}:& not be
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. :sé.t-isfi_éd and the. .a'p.’p’arr"ent value of the \e_.t:t"elflai'xafﬁi'im 'cqgffi:é ent, to i)e S - )

»

called kag, would always be less then K; execépt in the 1imit of the ful},
diffraction pattern. : g : :
Lét us define k  in terms of the classical _diffraction pét".ce'r'm .

For a griwgn wave length of 1ight X and a given drop radiug, :'F\i’;"'

s

the intensity of the diffraction patterns from sn opagus cireulsr disk is
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? where Jl is the Bessel function of ",ch.é 1st order and my ig defined by

5 wr, sin 8 , )

i m, = v—i-u- e Co - U . -

e e

‘fd‘: ; o o . B P ‘ S . ' §

e I 3 thus gives the angular distribution of the diffraction patcern, ©
IR A e
§ being thé angular spread of this same diffraetion pattern. ’

s o L - . o ) : E

e ‘When the diffraction pattern from a distribution of dréps is 4
.3 . ] ‘ gt

, considered, the m‘oensn.ty as a functn.on of anglé becomes ";' i
A . O
5 . Ll
ﬁ?é '1_' = 2 1?@ {,-“ ;:;é"
s T=Ngn : 1T
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". where N and £ i have their usual 31gn1i‘1cance. .
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Cr The flug over a sphd angile dw is given by

o

5

dF = Idw = 2nI §in © d @ ’(2'-‘5I‘)‘l

.,_'a

if the selid angle 1s a! cone fof revolution whose vertmx angle is 20,

o

The total flux 1n the dlfi‘r‘actlon pattern over an angle G is

& ' 5
A e ' =
L. . &g

”s.

B

X

Isn.n@d@

.'@‘:.

i

G ]

m'[.f wes normallée hi iis so nhat F

1 ﬁfmen Q=

= 2n II&(cps o)
o}

g .

(26)

_» the angle that ipciudes

t.he en‘bire dlle' ;, pa’ftPI‘ns o

T T dteos 8)

a

where the denommator is the nor mal z2ing f—acto_r-,

= a6

of .c:ommdn- if’a(:tqrg, has ‘becn «carmed. out. Now as

.deﬁned;"a-s. o

f.r

X

|

1N F(Q)

B
‘k -
i =
D
.

R N 8
’ i=0 - .
which reduces to eguation (21) for F (@) = 1. _The

is given with the aid Qf’QQQation,ﬁ@Q.és

A Vel

,aftér.séme-Caﬁqellétian

043‘4 l,k canbe

(28)
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9 ExPerime'nfhally-y é. transfiission exo'eri'me.nt could bfe' ‘get up, where the R
o2 B ;é :_“' g
g LA |
? source anhd the receivef w1th a variable rece1v1ng area were at a fixed Z.é:ﬁ
pe PR
[ A ¥
! dis&ance apgrty If the dlstf1butlon>of drop sizes: is known and T neasured, ?g:jg
F (9) ie-determinedm @ne should note that F (ﬂ) is determ ned by the ﬁffk
?‘% i H
i) = same dmstributlon as if f r2, and that F (9) as deflned 15 an average %‘ ]
E 1ntensmty'that w&ll-satlsfy Ehis dmstrlbutmon. As the relatlon,mlght B
<::°f % o
'; be used; however, the dron size. dlstributmon would e unknown, also F(Q). f i

2 distributaonﬂand»computiﬁg F(S).s

The problem would then be to find a unique dlstrlbutlon that would
satisfy e-uatlon @C)) This night be done mathemat;cally by:assuming

If equation-(29)'weﬁe~satisfied,

_ the qssumed dlstrlbutlon would be the correct one, Thig scheme Would

fail if ‘it eould be shown that one or everal qrop size distributions

would give ‘the same F(Q). throuOhout the angu+an course of the diffraction

.pattevn. Coincidence is assumed when there is no 51gn1f1cant dlfference

=

@

between the F(O)'s. . :

'Computatlon of P(G) 031ng Selected Drop Sizs Distribntlons’

(S) was:computed for several drop:51ze disty 1butions, gome of

- whith were actual measured dlstrlbutlons u31na the glass sllde techniquecu)

To computp F(Q) irom the. daua, equatlon (27) must be used

after subst_tut1on of squation (24) 1nto it to glve
1 .

(cos gy E
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The q’~nt1ty i, rhlii- J_ {2m, ;7 is computed for all value¢, and surnmed
i
over all its for a given ‘angle @, Tables of (i- Jq' (2m Z] are avallable( 7)
L

and f and h f*on the assumed dls+r¢but.on. The drea under the

.o , .
. Y , B , :
curve o ; e
'.'".“

;iiﬁJi-(émi{j‘ Vensus'eas'@_givcs thewnumeﬁaﬁqrc *Thé
,'Sﬁﬁmatlon 1s-carr1ed to the desived vilve of 8, Tﬁis ares, d*vmded by the
‘totaliarga under ﬁhe-éurve is F{9}., The intepration wasxof n909551ty
carried out by graphical means. See Figure 1. F(@) Wes aﬂsh chputed
‘fb:-siﬁgle drop sizes'sélemyéd.so as to wroduce an #{9)/9 eurve ﬁearly
identical to ohe comouvbted from an actial distribut ton. Compare Figugés
l:an@'éd"From-this ihvestigation it apbears ﬁhat thetre is littlewof
value in this méthod as a means for obtaining drop-sizesdistributibnsw
,F(é)-Waé so lacking in uniqueness that this funetion as given by a
relatively broad drop size distr ibution could be matehed 6 mm a

few percent by an FOY as computed from a‘Q1agle dfop 31ze. 'mhis dron

size wasg very ¢lose to the area medlan dron sazee mhe areéd med an drep

size is. defined by that drop 8ize helow which 1 iss 50 per cent of the totald

S

-qrossasectioﬁallarea presented by all of the=df°pSz Symbolically
this is the valie of fj'Wherex : ' B . : e
1n X ) 2 ) 7 . i
<2 © 1
L S o (61
c@ -

h_i = 5 ii

As miight be expected, those dlstrib“t W1+h ‘large numbers:
of very small-dreps gave bercéntagewise largé'relative intensities F(S)
at large angj.e_s° Br¢ad-distributionsfWere-WQigh%eq in favor of the large

o

drops, 'O the-§if£paction.pat§enn-6bae¥vable was relatively narrow.
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1 The fajlure of this method probably lles &o ‘a large extent
b :
L g in the slowness in which the angnlar soread of theldiffradtmon_péttérn U |
| &2 ' - SR |
143 g 1 ‘ead of drop sizés to SRy
e varies withﬂdrop-smzem This allows & larg spread of drop $1zeS L . il
L . i b
I contyribute to the nnten¢1tv pattern at a g1 Ve angular distand q, 3
o ;;‘- I‘;’! : B
§ o 4
. 4, A Further Study of the Reletions betvé 1 Li ght Transm1051on and” Drop - ) N
5ize Disksis; io ) . . e SN
y . S
I In a previcus secvions it was shown that the 1light intensity F(9) ’
o - S e
* - al . y i - !, -
'ﬁ in a cone of variaosle angle @ from the axis of a diffrackhicn pe sibe rn is
. , L .. ‘ e . N N ; B
Z not measursbly unigqne with dr@p.31ze»dmstrybtulgn. Very.neariy:equal
_ﬁ ’ intensities may be received from 2 single sized drop cloud and from a
i . very widé size distribtuions This is true for one wave length of light.
- It is of interest to consider now the relation between transmiesion
= i
) - _ . ~ - - -
§ and drop size digstribution for a number of wave lengths over a wide
= - - - . -—
3 range. _ : -
i ':2 . ~ » & . ‘. .
, § Previous measurements (ll) have shovn no large va rlatlon in
: trensmission in the wavsrlengt- range 1/3 o 3/% microa.: Tt is belleved
3 ) : .t G B
'é that this range was not large enongh to showﬁiﬁ a me surab‘e amount the I J
] ’ effect; for which some cevidence of .exisbtence has been shown by urnurllshed CEC
A1 3 ST P B
*;‘3 work of Houghbton and By Sanderson (26). _ o : ) E-
‘-g The foliowing pro¢adure is proposed; . B
4 (1) megsure. :bransmifssion of molno.chﬁomatic light of some 15 to
4 BN . h o
i%_ 25 Wave, lengths in rapid success;On. S 5
- -:i - > N 2 }“‘I,:
i (2) seb up an equal number of 51multaneous attequatlon equatmons ' %,
’ for wave length and drop size; Knowing

B

o

. o L D . LR

3 '&he-SQQt%ering_Cbgffiqiéﬁt-£or each size range and == %
bs the absorption cosfficient of water vapor in liquid-free
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(3) solve the similtaneous equations for dist*ibutions of drop

¥

8ize.

e Trmoee Do
A

_ The equations to be used are as £ollows: R &
©  The transmission equatiof is e . ) BN
. .- ' ; : : i

P
o

A
X

P T -l{Z, : - : )
L. TRETT - (32)

i

u . C =

paoh)

"k = attenuation factor of medium _ ' fi ks
~ " Vihen the medium contains scattering spheres of diffsrent 'sizes, P.i—

< .- h B

u;eqﬁéﬁ£o§.11§'beaemes
H ' s . o - -9 -

N 0 . R 4 -:'! nr X

- T = ~3- &4 , ;,J 'S

T - LT . . (33)
) ' ' Whére.ks ﬁxseattering-cgefficiEnt

5o . : r.
5
LR - < )n

[

drop radius
number of drops of radius r . ) .

. Thé~§gatt9r§né cgéffibient ks_is

a function of the index of refraction

l 0 - S . PN
Lot o . '
el o i e A e %

R By

o
k‘* '.Pi
i -4
i
i ‘9& .
oL
F I

m and the absorotivity as well as of wave leéngth X and radius 7. By
proper Selection of wave length in the infrared, the absorativity can
be reduted to such a wslue that the assumption of a transparent sphere

-introdﬁqgs‘bnly a,small-efrér. The valie of _kS ¢an be computed for énj.
yalue of m. It so hapvens that in the favorable ‘wave length regions m

aporoaches 1.33. The relation of X to -2{3 for that index is well

The atcuracy of the method is iméroved'- by a better knowledge

R
it 2
ISR I

of ggﬁ2nﬂlk.£br indices. ofher than 1.33 épd-absorﬁtivities other than

i

W;_.

ZELQe However, the above method is a first apsroximation.. Recomputations i

1
g

afe possible without repeated observations of transmission T whenever
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e ) )
-3 .-supem.or values of k are aVallable. ; -
1o As part (2) of the precedure, equatlon (3‘3\mav be transposed
4 to -
o ' . s const X 9,
k. - 2 nrte = ZZEZ In & (3
t: o k= ) L n’F‘ KS Z, e T (3 g3 ;]
s (' N - C
oo The summation” can be rewritien as 2
# R : ' ) .
; R B - ) const 1 . -
e 7‘ . n. Vn?.-k» FRTK i em e mm S e e e e B e e e s T el 1n,-—_- (35) ?
| R R g 22, 5 2 T ? i
1 ﬂ . 4 . A 2 - . ) ):
Sy
DA At wav,e . length xl
~ 'g M b ) L =S .
g0 - ( \ const r ol § i
i I n const + h, const., . ¥ - e e e ke .= F o= = - 1r- (36)
s 3@ 1,1 2 T,2 M (36} b
" At wave length }‘225 )
; , T . const,. 5 1
. const +.1n_const_g e e e mm e e = T e D 1n ( 7)
_ "1 25,1 * %" gk, 2 : T T,
./ :etc“o B . ) As-
. The. transmlssmns would be. measured ”5’ tlmes 5 once at each wave length, =
\ /at & mpid r—afce;. s-uc.-‘ni that -no .'si:g-rii-ficant change in drop §ive Aistribution
cou'd Ageur . durlrw the measurn.ng 'oerlod,e ‘
: . fms selution can be exoressed as a summa-t-:_-'i-bn, of verie lrvalving ’
A N S : .
o rp nf wha fﬁ)mm . R
J n.- = 1r =+ N R S e o o e e 285y .
% i = Ay Ing 4 Ay In g - - (38)
I AR § 2 - 5 :
il ; g i R 1 - s . L B
A PI - oo P H B 5 - = e
A4 3 2 7 = T . L i :
I T 9y TR
RN - .
3L C
- 4 . where the coefficients A s B P etc. are known, C B
e . Tﬂe methemat: cal evalua tion would be relai:lvery' simple. The ' ’;ﬁ
P e spps A o e . i1 PRy i - N - N K
—5 difficulty lles A measuring the transmission ‘T in the L to 15 micron i
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rangé. Slnce water vapsr dbsorption in certaln bands“g1Ves addltlonal

gttenuatlon oveér droplet scattering, 1t is necessary to select wave

1engths 80 a8 to minimize such an effect. thtle dlfflculty is expeeted

in flnulng 2 sufflcnent number ofwell spaced nonabsorbvng wave léngths

and droplet size classes. mhial%cémputat;ons.must baamade~ror a. iimited
humber of ¥aiwes to determine the probablefiight.energy levels and the

required instrument seénsitivities.
Before attempting drop size distribution measurement by this

method, it is-necesséfy to compute scattering coefiicients for selécted

. indices of refraction, ‘The computation will require considerable research

and experiment before a size distribution meter can be designed and

.constructed. Work on this prelimirary sten is now in pregress.

D.  Conclusicns and Reéommendations

Brief and prelimina®y studies ‘havé béen made of several methods
of detecting the présehice, size and number:ofrclqud-drqplets, by eléctric

and light scatiering méans. Blectrical .-e-ffecit;-'s which might Form the

basis of an instrument fQﬁ=me35urihgld op sizes and number aopear to be
smaller than the sensitivity that cun be thained'byw@etecmaps-ndw"on
the market or being develoned.

The light scatternng and attenuatlng methods so far conszderwd .

are still unprovedx uonblaermbly‘more comput tlons must be. made before

be made to work.

P

Tt is recommendsd that our analysis of light attenuation in

the infrared by scattering from small drops be carried further, to the
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'Travel iand Corréespondénce = S e . L

S
.January 29, 1951 = R M. Schotldnd and By P. Kelly attended the session T e

..on Physzcal Meteorology at the Meetlng'of the American Meteorologlcal

;Socie_ty in :Neiw._io_z’% : - fom e -
January 305 1951 = R. M. Schutland visited the 1aboratory of
P?ofesspr Y. K. Ia.Uer 4t Columbia Unlvers1ty. Elec&r;cal methods for

& e N PR i e
o el e . R ST

measuring drop size and distribution were dlscussed. ) ‘formatlon‘was

. pbtained on sources of supply for technical e’qu-ipmejnt)» .
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; APPENDTX B = 'BIBLIGGRAPHY. ., L ]
;% The follow1ng blbllography is 1ntended to xnclude the maJor '

§ references, both classic and recent, on drop countmng and 51zing, lmquid

- e _water -comtent, and.allied subjects im. cloud physies 1nstrumentat;onov The

,
gt e R €0

recent references will lead in many instances to,more complete 1ists on

particular subjects:.

T

The alpliabetical author ligting, A, is followed by a‘subaect

listing B, cross indexed t0 A.

A. Author listing.

1. Blanchard; DJ'Q,gV'Tho use of socted screens for determmning raindrop
size and dictribution." General Electric Research. Lab.,
\ Occasional Report. No. 16, Project Cirrus; U. S. Arijs -
' Contract No. W-36-039-sc-38141, Schenectady, N.Y, Nov, s l9h9

pvsarns e

e

1 2. Brmllouln, J: B., "The scatterlng crogs sectioen of spheres'for electro=
s ) . magnetic waves‘" 4o _fpps, PhW51CS{7Va 20 Nov,, l9h9w
‘3. Brocks G. Wey "™iguid water content and droplet size in clouds of the

atmosphere..! Trans. Almer . SOQ@ Mech. Engrs. 693 769-770 (l9h7)

- Yo - Diem; M.s "MeaSurements of size§ of <loud elements w (translated ll pp._
b 1llusa)‘pubo Carl Griese, Hamburg.

5. FElliot, H. W., "Cloud droplet caméra.t Report No- MmIo°7019 National
: Resgéarch Council of Canada,«ottawa, Dec.s 1947

B4 Fandall, Dele and M Schulkln, "§urvey of meteoroilogical instruments
used in tropospheric pvopawatlon investigations, " Repo .
; CRPL=2<1, Ngtional Buréau of Standards, Wéshlngton, DB+ Cos
P © Julyn, 1947 .

-~ - . AT S

T Foster, No B. and LW Foskett, "A. spectrophotmeter for the determina=
: tion of the wayér vapdr in & vertical golumn of the dt.mosohere°
J.'Opt °>oc° AmeTis Vol. 39, pbe‘601-6109 l9h5.l

8. Fuchs, Petyanoff and Rotzelg, on rates of partlcle charging, TranSw
Faraday B80ces P 1131, l936

9e Gucker, F.T. and C.T. Otlonski, "Blectrical methods of countmng aerosol
pafticlesy” Chemical Reviewss hh/Z pe 373~ -y 2949.
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